Introduction
The social, economic and environmental issues associated with conventional energy production, has led to an increase in research into renewable and sustainable energies. Biofuels are expected to play a critical role in the development and maintenance of the renewable energy sector over the years to come. [1] [2] [3] First generation bio-fuels are predominantly sourced from feedstocks that compete directly with human food resources. This has imposed an ethical dilemma on the industry, which has subsequently led to a shift in focus towards the development of biofuels from lignocellulose; a second generation biofuel feedstock. Furfural (FF) is a C 5 compound that can be produced in large quantities from the chemical and thermal treatment of lignocellulose and possesses exceptional potential as a platform chemical. [4] [5] [6] A significant amount of work in this area has focussed on the selective hydrogenation of FF and furfuryl alcohol (FOH) to produce fuel additives such as tetrahydrofuran and 2-methyltetrahydrofuran. [7] [8] [9] [10] [11] [12] For this reason, the selective oxidation of FF and FOH has been somewhat overlooked. The oxidation of FF to maleic acid [13] [14] [15] [16] and succinic acid 17, 18 in the presence of a heterogeneous catalyst has been investigated, but attempts to achieve a high carbon efficiency have been largely unsuccessful. During these oxidation reactions, major losses of carbon have been reported, which are believed to be attributable to the polymerisation of the substrate to form resins. 15 Attempts to reduce this unfavourable pathway through the application of a co-catalyst 15 and a biphasic system 14 led to marginal increases in the desired reaction selectivity, but it was clear that the polymerisation of furan-based intermediates still remains an issue. Additional work has studied the oxidative esterification of FF to produce alkyl furoates. Supported Au nanoparticles have been found to be extremely active for these transformations. [19] [20] [21] [22] Furoic acid (FA) can also be produced through the selective oxidation of FF. FA is currently produced industrially via a Cannizzaro reaction with NaOH. It was previously suggested that the application of a heterogeneous catalyst to improve the efficiency of this process is unfeasible, due to competitive pathways which lead to the formation of undesirable by-products. 23 The application of noble metal heterogeneous catalysts for this oxidation reaction have been investigated previously. Parpot et al. 24 utilized an electrosynthetic approach to produce yields of up to 80% of FA from FF in the presence of NaOH. Gaset and co-workers also showed that high selectivities of FA could be achieved under optimised conditions and O 2 in the presence of a supported PbPt bimetallic catalyst. 25, 26 Subsequent work by Sha and coworkers also showed that high selectivities to FA were also obtainable in the presence of an Ag 2 O/CuO catalyst. 27 Supported gold nanoparticles have been shown to be highly active in a range of reactions including alcohol oxidation, [28] [29] [30] [31] alkene epoxidation, 32-34 C-H activation and H 2 O 2 synthesis. [37] [38] [39] Synergistic interactions brought about from the incorporation of Pd into Au nanoparticle can further promote catalytic performance. 40, 41 Here, we present a green route for the preparation of FA from FF under mild conditions. We have found that 1% AuPd/MgĲOH) 2 is a highly active and selective catalyst for this process in water and at mild reaction conditions. In this paper, we highlight how the reaction conditions can significantly affect the reaction selectivity and present the results of mechanistic studies that provide a detailed reaction profile for the system.
Experimental

Catalyst preparation
Monometallic and bimetallic catalysts containing Au and Pd supported on MgĲOH) 2 were prepared using a colloidal method. A similar procedure was used for the preparation of the additional monometallic and bimetallic catalysts in this study. The quantities of HAuCl 4 , PdCl 2 and NaBH 4 however, were varied appropriately for the preparation of each catalyst.
Selective oxidation of furfural and Furfuryl alcohol
Catalytic reactions were carried out using a 50 mL Colaver glass reactor. An oil bath was heated to 30°C and left to stabilise for 30 min. Catalyst (500 : 1 substrate-metal ratio) was added to the reactor along with NaOH (Fisher Scientific, ≥97%, 0.6 M, 5 mL) and 5 mL of deionised H 2 O and stirred at 1000 rpm for 5 minutes. Furfural (≥99.0%, Sigma-Aldrich)/ furfuryl alcohol (≥98.0%, Aldrich) (0.240 mL/0.255 mL) was subsequently added with continuous stirring to ensure a single liquid phase was produced. The reactor was subsequently purged three times and pressurized with O 2 (3 bar pressure). Samples were taken at designated time intervals, diluted 10 fold and filtered to quench the reaction. For the initial rates testing, samples were taken every 5 minutes for 20 minutes. Samples were analysed by high performance liquid chromatography (Agilent Infinity HPLC) with ultraviolet and refractive index detectors. Reactants and products were separated using a Metacarb 67H column using an aqueous H 3 PO 4 (0.01 M, 85.0% in H 2 O, Sigma-Aldrich) mobile phase at a flow rate of 0.25 mL min −1 . Chemical species were assessed by comparison with authentic samples. An external calibration method was used in order to quantify the chemical species observed. The carbon mass balance is expressed as a sum of the carbon in the observable products compared with the quantity of carbon at the beginning of the reaction.
Catalyst characterisation
Microwave plasma atomic emission spectroscopy (MP-AES) was conducted using an Agilent 4100 MP-AES. Au and Pd content was analysed using two emission lines for each metal. A known mass of catalyst was added to a 1% aqua regia solution (50 mL) and left to digest overnight. The samples were filtered using high performance PTFE filters (Acrodisc PVDF 0.45 μl). Samples were introduced into a stream of nitrogen plasma via a single pass spray chamber at a pressure of 120 kPa in the absence of any air injection. The instrument was calibrated with 2.5 ppm, 5 ppm and 10 ppm Au and Pd standards. Samples were tested three times and an average of the three results is quoted. Transmission electron microscopy (TEM) was conducted using a Jeol 2100 with a LaB 6 filament operating at 200 kV. Powdered catalyst samples were dispersed in ethanol and dropped onto lacey carbon films over a 300 mesh copper grid. Particle size was assessed using Image J software with 300 particle sample sets.
Powder X-ray diffraction (XRD) was conducted using a PANalytical X'Pert Pro system fitted with a CuKα X-ray source run at 40 kV and 40 mA. An X'Celerator detector was used in order to assess the scattered media. Each sample was scanned from 2θ = 10°to 80°for 30 minutes. Catalysts were ground into a fine powder and loaded onto a silicon wafer. The corresponding results were compared directly with the data held in the ICDD library.
Thermogravimetric analysis (TGA) was conducted using a Setram Labsys TGA instrument. Samples were heated from 30 to 1000°C under flowing air (15 mL min −1 ) at a heating rate of 10 K min −1 .
Results and discussion
Previously, AuPd supported catalysts have been shown to be exceptionally active and selective for a range of alcohol and formyl oxidations reactions. [41] [42] [43] Synergistic interactions between the two metals have been credited with an increase in catalytic performance when compared with the corresponding Au and Pd monometallic catalysts. A previous study by Davis and co-workers highlighted the important role of surface bound hydroxyl species in the activation of alcohols. 44 It is therefore logical to suggest that increasing the population of hydroxyl species on the surface of the catalyst by selecting a basic support could promote the oxidation of FF. For this reason, a 1 wt% AuPd/MgĲOH) 2 catalyst was prepared using the sol-immobilisation method. The sol-immobilisation method has been shown to consistently produce catalysts with small nanoparticles with an exceptionally narrow particle size distribution. 42 Transmission electron microscopy (TEM) determined that the immobilised AuPd nanoparticles 
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were exceptionally well dispersed; a mean particle size of 2.82 nm was observed (Fig. 1) . XRD subsequently confirmed that the phase of the support had successfully transformed from MgO to the desired MgĲOH) 2 in the final catalyst (Fig. S1 †) . Following this, the catalyst was tested for the aerobic oxidation of FF under mild conditions. The performance of this catalyst in this reaction over time is displayed in Fig. 2(a) . Interestingly, small quantities of furfuryl alcohol (FOH) are observed at 0.5, 1 and 2 h. This is unexpected when the highly oxidative reaction conditions are considered. In order to investigate this further an identical experiment was conducted in the absence of any catalyst ( Fig. 2(b) ). Close to stoichiometric quantities of FOH and FA were observed, suggesting that an intermolecular Cannizzaro reaction is occurring. Cannizzaro reactions are typically initiated by the nucleophilic attack of a carbonyl species by a hydroxide species. The NaOH present in the reaction is responsible for the initiation of this disproportionation reaction. It is clear that the rate of the Cannizzaro reaction is significantly slower than the catalytic oxidation pathway. In addition, a significant reduction in the carbon mass balance (CMB) is observed in the absence of the catalyst. Previous studies have reported similar observations, 14, 15, 45 postulating that the losses in observed carbon are attributed to the self-polymerisation of furfural. It is believed that this is initiated through the abstraction of a hydrogen atom from the formyl of furfural to form a radical species. This radical species subsequently interacts with the formyl group on another furfural compound instigating an intermolecular polymerisation cascade. 15 It is important to acknowledge that these polymerisation reactions occur in the absence of the AuPd/MgĲOH) 2 and must therefore occur homogenously in solution.
The concentration of FOH observed in the absence of the catalyst appears to be significantly higher than when the catalyst is present, which could indicate that the catalyst is also involved in its transformation. In order to investigate whether this was the case, an additional reaction was conducted where FOH was utilized as the substrate (Fig. 2(c) ). It is clear that the catalyst facilitates the oxidative dehydrogenation of FOH to FF. This suggests that FOH produced via the Cannizzaro reaction can be catalytically transformed back to FF and explains why only residual quantities of FOH are observed during the catalytic oxidation of FF over the AuPd/MgĲOH) 2 catalyst ( Fig. 2(a) ). A proposed reaction profile highlighting the reaction pathways determined from conducting these experiments is displayed in Fig. 3 .
To develop a greater understanding of the reaction, it was important to consider how the reaction conditions affect the oxidation of FF. The results from these tests are shown in Table 1 . Increasing the oxygen pressure increases the substrate consumption, FA yield and the CMB observed. It has been suggested previously that O 2 dissociates on the surface of Au through reduction by H 2 O, yielding surface adsorbed OH species. [46] [47] [48] It has been postulated that hydroxyl species promote the rate of oxidation reactions by activating the substrate and facilitating the surface-mediated oxidation of organic molecules. 49 Increasing the oxygen pressure clearly promotes the catalytic oxidation of FF to FA. Under anaerobic conditions, it appears that this catalytic pathway is shut down, highlighting the critical role of O 2 in the surface mechanism. An exceptionally poor CMB is also observed in the absence of O 2 , indicating that the polymerisation pathway competes directly with the catalytic oxidation pathway.
Increasing the equivalents of NaOH in the system appears to have a proportional relationship with substrate consumption, suggesting that the hydroxyl species also assists with the activation of FOH. Interestingly, increasing the NaOH equivalents also appears to increase the polymerisation reactions since the CMB decreases. Hydroxyl species in solution may promote the abstraction of a hydrogen atom from the formyl group, which is considered to be the first step in the polymerisation mechanism. 15 From the data in Table 1 , it is clear that the polymerisation increases with increasing concentration of NaOH in the absence of any catalyst. This This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
indicates that NaOH promotes both the polymerisation pathway, the catalytic oxidation pathway and the Cannizzaro reaction. The unexpectedly high conversion observed under basefree conditions is likely a result of Mg leaching from the support, subsequently forming homogeneous MgĲOH) 2 which in turn acts as a weak base in the absence of NaOH. MP-AES confirmed the presence of Mg in the aqueous phase of the post reaction solution when NaOH was absent (Table S1 †) . No Mg was found in solution post reaction for the reactions when NaOH was present, suggesting that solid MgĲOH) 2 support is stable at high pH. Furthermore, no Au or Pd was observed in the post reaction effluent of the reaction in the presence of NaOH suggesting that the leaching of Au and Pd from the support does not occur under the standard reaction conditions. Increasing the temperature of the reaction appears to promote the undesirable polymerisation pathway as the CMB decreases with increasing reaction temperature. Interestingly, the yield of FA produced also decreases as the reaction temperature increases. This is further evidence suggesting that the polymerisation and catalytic oxidation pathways compete for substrate. In order to assess whether the reduction in FA yields with increasing reaction temperatures was a result of catalyst deactivation, TGA was conducted on the fresh catalyst, a used catalyst tested at 303 K and used catalyst tested at 343 K. The corresponding TGA trace is displayed in Fig. 4 . One significant weight loss is observed in all the samples at approximately 613 K which is likely due to a change in the phase of the support from MgĲOH) 2 to MgO. In order to confirm this, fresh AuPd/MgĲOH) 2 was calcined at 673 K for 2 h and the catalyst was probed using XRD. The diffraction patterns in Fig. S2 † clearly indicate that MgĲOH) 2 is transformed back to MgO providing evidence that the mass losses observed in Fig. 4 is a result of water evolution from the support. Interestingly, there does not appear to be any additional losses in weight observed in the TGA trace of the used catalyst tested at 343 K. This suggests that the loss in performance as reaction temperature increases is therefore unlikely to be a result of product inhibition from the large quantity of polymers produced at this temperature. This suggests that increasing the reaction temperature must significantly promote the abstraction of H from FF.
It is imperative that the stability of a catalyst is considered for any catalytic process. For this reason, a study into the reusability of the AuPd/MgĲOH) 2 catalyst was conducted. The catalyst was tested, filtered and dried after each test. Reactions were conducted simultaneously to ensure that there was sufficient catalyst recovered for characterisation and further testing. Four reuse tests were conducted and the corresponding results from these tests are displayed in Fig. 5 . The FA yield and the CMB remained relatively consistent across the five tests. TGA conducted on the catalysts after each testing stage provides further evidence that polymeric species formed in situ do not poison the catalyst, since only one significant weight loss is observed. This weight loss has already been associated with a loss of H 2 O from the support at approximately 613 K. Diffraction patterns of the used catalysts indicate that the catalyst testing does not appear to have a substantial impact on the phase of the support, (Fig. S3 †) . An increase is observed in the TOF in the 1st re-use test. Interestingly, the TOF drops in the 2nd re-use test and gradually rises upon subsequent re-uses to a TOF comparable with that observed in the reaction with the fresh catalyst. The notable increase and drop in the TOF observed may be a result of a change in distribution of PVA on the surface of the metal nanoparticles. It is known that refluxing catalysts prepared by this method at 90°C can remove PVA from the surface of the nanoparticles. 50 Although, these reaction are only 
conducted at 30°C, we can not eradicate the possibility that some of the surface-bound PVA is removed during the reaction. Furthermore, it is known that PVA can affect the accessibility of substrate to and from the active site in these catalysts. 29 The TEM images and PSD provided in Fig. 6 clearly indicate that particle agglomeration occurs during the reactions as the mean particle sizes determined for the fresh catalyst and the catalyst after four uses were 2.82 and 6.33 nm respectively. Although, the performance of the 1 wt% AuPd/ MgĲOH) 2 appears to be relatively stable after 5 uses, it is unlikely that this catalyst would maintain this high performance for prolonged periods given the observed rate of the particle agglomeration occuring. 
When using a bimetallic system, it is important to consider the influence of each metal independently. The exact metal loadings and Au : Pd ratios for each catalyst tested in this study were determined by MP-AES and are displayed in Table 2 . It is clear from Fig. 7 , that the Au : Pd ratio has a significant impact on the reaction. At 0.5 h, the monometallic Au and Pd catalysts appear to give comparatively high yields of FA when compared with the bimetallic catalysts. Interestingly, after the 4 h reaction, the monometallic catalysts appear to give the lowest yields of FA. A synergistic trend between Au and Pd is observed as the highest FA yields are achieved when equivalent quantities of Pd and Au are present in the catalyst. A similar trend between the metals is also observed in the CMB after 4 h. The low CMBs associated with the monometallic catalysts suggests that a substantial quantity of FF takes part in the polymerisation pathway. The synergistic effect observed with the bimetallic catalysts could indicate that there is a change in the properties associated with the supported nanoparticles. Synergistic interactions observed previously with supported AuPd nanoparticles have in some cases been attributed to electronic effects because of changes in the surface interatomic distances between atoms. 51, 52 Other studies have suggested that changes in performance may be a result of changes in the metal dispersion and composition on the surface of the support. 53, 54 Any postulation on the source of the observed synergism in this reaction would be purely speculative, and as such we cannot confirm the source of the increased performance in this study. However, given that catalytic inhibition from the polymeric species formed in situ was previously discounted as a possible pathway for catalytic deactivation, it is unlikely that the poor activities associated with the monometallic catalysts are a result of this.
A study of the reaction kinetics was subsequently carried out to gain a fuller understanding of the factors affecting the rates of each reaction. Due to the susceptibility of FF to partake in self-polymerisation reactions, the reaction rates were calculated using different methods for each reaction. For the Cannizzaro reaction; given that FA is stable under the reaction conditions and that there are no other known pathways which lead to the formation of FA in the absence of a catalyst, the rate of the Cannizzaro reaction (K CAN ) was considered to be proportional to FA observed in the system (FA CAN ). For the catalytic oxidation of FF, the rate of reaction (K FFCO ) was estimated by subtracting the FF consumed by polymerisation in this reaction (FF POL ) and FF consumed by the Cannizzaro reaction (FF CAN ) from the total FF consumed in the presence of the catalyst (FF CAT ). The methods used for the determination of K CAN and K FFCO are displayed in [1] and [2] respectively. It is important to note that the calculated rates of these reactions are dependent on two assumptions: (i) the catalyst does not promote the Cannizzaro reaction and (ii) FF produced from the Cannizzaro reaction and subsequent oxidation of FOH is minimal when monitoring K FFCO.
(1) In order to determine the rate equation for each pathway, the reaction orders with respect to each reactant were subsequently determined. For the Cannizzaro reaction, these were determined experimentally and the outcome of these tests are displayed in Fig. S4 . † The Cannizzaro reaction was found to have a second order rate dependency with respect to FF and a first order rate dependency with respect to NaOH. As anticipated, the rate of this reaction was unaffected by the concentration of oxygen in the system. Reaction orders with respect to each reactant for the catalytic oxidation of FF were assumed to follow a Langmuir Hinshelwood type surface mechanism, where NaOH is assumed to assist with the activation of the C-H bond of the formyl group as proposed previously by Davis and co-workers. 47 As such, the reaction orders with respect to NaOH, O 2 and FF were all considered to be first order. Similar assumptions were made by Demirel et al. 55 who conducted a kinetic study investigating the oxidation of both glycerol and the sequential oxidation products (including formyl species) over supported Au catalysts in the presence of NaOH. Further initial rate experiments were carried out in order to estimate the activation energies associated with each of the reactions. Rate constants were determined at different temperatures using the initial rates method and the rate equations of each pathway, as displayed in Table 3 . The Arrhenius plots corresponding to each of the reaction pathways are shown in Fig. 8 . Activation energies of 30.4 kJ mol −1 and 69.3 kJ mol −1 were determined for the catalytic oxidation of FF to FA and the Cannizzaro reaction respectively. The activation energy required to form FA via the Cannizzaro pathway is significantly higher than the activation energy for the direct catalytic process. The presence of the catalyst significantly reduces the activation barrier by offering an alternative reaction pathway. To the best of our knowledge, the currently employed industrial method for the preparation of FA is through the Cannizzaro reaction with stoichiometric quantities of NaOH. 23 It is clear from the kinetic study that the application of a heterogeneous catalyst to this system has the potential to significantly enhance the efficiency of this process, but also prevent the need for separation steps post reaction. Furthermore, it has been demonstrated that careful optimisation of the reaction conditions can significantly reduce the quantity of FF lost to polymerisation, allowing for the oxidation of FF to FA to be achieved very selectively at mild reaction conditions.
Conclusions
A 1% AuPd/MgĲOH) 2 is a highly effective catalyst for the synthesis of FA from FF. Although a short re-use study confirms that the catalyst maintains a high performance over 5 runs, TEM confirmed that particle agglomeration occurs upon subsequent uses, which would likely limit this catalyst for long term application. Mechanistic studies confirmed that the reaction occurs by a number of different reactions, which can be promoted or suppressed by fine-tuning the reaction conditions. It was determined that the presence of NaOH facilitates Cannizzaro reactions between furfural compounds, resulting in stoichiometric quantities of FOH and FA. The catalyst promotes both the direct oxidation of the aldehyde to the acid and the sequential oxidation of the alcohol to aldehyde and aldehyde to acid. Polymerisation of the starting material to form humins had a detrimental effect on the FA yield. It was determined that this is a result of competition Table 3 The rate equations and activation energies for each of the reaction pathways were derived using the initial rates methodology for substrate and not active site poisoning. Rate equations, rate constants and activation energies have been determined for each of the reaction pathways. Given that the calculated activation energy for the Cannizzaro reaction was significantly higher than for the catalytic aldehyde oxidation route and that high selectivities of FA can be obtained with relative ease, the application of a heterogeneous catalyst to this process industrially could be extremely beneficial.
